Residues in the transmembrane region of G protein-coupled receptors (GPCRs) are important for ligand binding and activation, but the function of individual positions is poorly understood. Using a sequence alignment of class A GPCRs (grouped in subfamilies), we propose a so-called "two-entropies analysis" to determine the potential role of individual positions in the transmembrane region of class A GPCRs. In our approach, such positions appear scattered, while largely clustered according to their biological function. Our method appears superior when compared to other bioinformatics approaches, such as the evolutionary trace method, entropy-variability plot, and correlated mutation analysis, both qualitatively and quantitatively.
INTRODUCTION
G protein-coupled receptors (GPCRs) are integral cell membrane proteins that play a crucial role in signal transduction. [1] [2] [3] [4] After binding of an endogenous ligand, such as a biogenic amine, peptide, nucleotide, or even protein, GPCRs undergo a conformational change leading to the activation of heterotrimeric G proteins. GPCRs are very successful drug targets since 30 -45% of current drugs interact with this class of proteins. 5, 6 Consequently, GPCRs represent up to 30% of the portfolio of many pharmaceutical companies. 7 Despite numerous sequence-function studies on a large number of GPCRs (mainly on class A GPCRs, which represent more than 80% of all GPCRs according to the GPCR Data Base [GPCRDB] 8 ), at least two fundamental questions remain: (1) Which residues are responsible for the activation mechanism? (2) Which residues are critical for endogenous ligand binding? Because GPCRs comprise one of the largest superfamilies in the human genome, with almost 1000 proteins, 9 various bioinformatics approaches based on multiple sequence alignment have shed light on these two questions by identifying functional positions, especially at the binding site. 10 -18 For example, using sequence pattern discovery techniques, Attwood created a database of hierarchical GPCR sequence fingerprints, from superfamily through family to receptor subtype levels. 10, 12, 13, 15 The fingerprints identified at the family level show a certain correlation to the endogenous ligand binding, whereas the evolutionary trace method has recently been used to reveal global and subfamilyspecific conserved residues of class A GPCRs. 17 It was reported that globally conserved residues relate to a canonical conformational switch, while some class-specific conserved residues form part of the ligand binding pocket. 17 Correlated mutation analysis and entropy-variability plots were also used to detect networks of functional residues in GPCRs. 11, 14 The combination of these latter two methods allowed the identification of three groups of positions: residues responsible for G protein coupling, residues in the binding site, and residues in between these two groups. 11, 14 However, the same studies revealed that the resolution (i.e., the capability of unambiguously assigning position to function) is often only modest.
In this study, we developed a new method, called two-entropies analysis, to identify functional positions of class A GPCRs. The multiple sequence alignment of class A GPCRs was divided into 70 subfamilies based on recognition of identical endogenous ligands. 8,19 -21 Then we clustered functional positions based on two observations. The first observation is the variability of each position of class A GPCRs as a whole. The second one is the overall variability of each position within every individual subfamily. We reasoned that positions in a ligand-binding site are conserved within subfamilies but divergent among subfamilies. Positions that participate in folding/activation will be largely conserved both within subfamilies and among all class A GPCRs. This principle of predicting positions has been proposed and tried recently using different algo-rithms on protein families such as protein kinases, bacterial transcription factors, and olfactory receptors. 18, [22] [23] [24] [25] However, none of these methods have been applied to the whole set of class A GPCRs.
By comparing our predictions with structural and experimental data, as well as other bioinformatics approaches applied to GPCRs, 10 -18 we were able to provide a global overview of functional positions in the transmembrane (TM) region of class A GPCRs. Moreover, our twoentropies analysis proved to be more discriminative than other methods.
MATERIALS AND METHODS
Our approach to cluster positions of class A GPCRs according to their functions and to evaluate the clustering results is depicted in Figure 1 and explained in detail as follows.
Sequences and Sequence Alignments
All subfamilies of class A GPCRs in the receptor compendium issued by the International Union of Pharmacology (IUPHAR) 21 were examined in this study. The sequence alignment of 1935 class A GPCRs that belong to these subfamilies were extracted from the GPCRDB (July 2004 release 8.1; http://www.gpcr.org/7tm/). 8 Then according to IUPHAR, 21 the 1935 Class A GPCRs were divided into 70 subfamilies based on recognition of identical endogenous ligands.
Numbering Scheme
To facilitate a consistent comparison of aligned residues in different class A GPCRs, we used the indexing method introduced by Ballesteros and Weinstein, 26 in which the most conserved residue in each TM helix is given the index number 50. The other residues are numbered relative to this position.
Definition of Boundaries of Seven Transmembrane Helix Regions
The definition of the start and end of the seven TM helices was adapted from the GPCRDB. 8 In the numbering scheme of Ballesteros and Weinstein, 26 these boundaries are as follows: 1.31 to 1.55 for TM1; 2.42 to 2.66 for TM2; 3.24 to 3.55 for TM3; 4.41 to 4.62 for TM4; 5.38 to 5.58 for TM5; 6.32 to 6.56 for TM6; and 7.29 to 7.52 for TM7.
Two Entropies Measures
To discriminate amino acid positions that participate in various functions such as binding and folding/activation, we defined two conservation measures based on the multiple sequence alignment of the entire class A GPCRs and the 70 subfamilies. 
TWO-ENTROPIES ANALYSIS OF G PROTEIN-COUPLED RECEPTORS
Entropy is defined here as a measure of conservation of amino acid residues at a certain position in a defined multiple sequence alignment. The relative frequency F ia of residue type a at alignment position i in a given multiple sequence alignment with m proteins is given by
where Number ia is the number of proteins that have residue type a at alignment position i.
The Shannon entropy at position i in the given alignment is given by the equation
where a loops over the 20 natural amino acids.
Two types of entropies were calculated. We calculated the first entropy, the entropy of the entire class A GPCRs, by taking the alignment of all class A GPCRs as input. The second entropy we calculated as the sum of the entropies of all subfamilies of class A GPCRs, while the entropy of each subfamily we calculated by taking the individual subfamily sequence alignment as input.
The smaller the entropy value, the more conserved the position is in the given sequence alignment.
Presence in Upper or Lower Domain of the Transmembrane Region
The positions within the TM region of class A GPCRs were divided into two subsets according to their presence in the upper or lower domain of the TM region. The definition of these two domains was adapted from the method of Imai and Fujita. 27 If a position is in the upper domain, a score of 1 is assigned. If a position is in the lower domain, a score of 0 is assigned.
Relative Solvent Accessibility
The solvent-accessible surface area of an amino acid residue indicates its level of burial (or solvent exposure) in a protein structure and is often expressed in terms of relative solvent accessibility (RSA). The RSA of a position i of a class A GPCR(RSA i ) was calculated using the template 1GZM, 28 the crystal structure of bovine rhodopsin. It is defined as the ratio of the solvent-exposed surface area of a residue X in position i of the bovine rhodopsin crystal structure, denoted as SA i , and the maximum value of the solvent-exposed surface area for this amino acid corresponding to the surface-exposed area of the central residue observed in the tripeptide GXG in extended conformation, denoted as MSA i . Thus, RSA i adopts values between 0% and 100%, with 0% corresponding to a fully buried residue, and 100% to a fully accessible residue. The computer program MOLMOL 2K. 2 29 was used to compute SA i , MSA i , and RSA i for positions in the TM region of the crystal structure of bovine rhodopsin 1GZM. 28 A two-state description distinguishing between residues that are buried (relative solvent accessibility Ͻ 15%) and exposed (relative solvent accessibility Ͼ 15%) was used. 30 
Correlation Matrices of Measures
We considered the two forms of entropy described, the RSA, and presence in the upper domain of the TM region as measures for the positions' properties. In order to provide a similarity score between these measures, Pearson correlations were performed for each of the two measures to create correlation matrices, which indicate the distance between every two measures. The Pearson correlation coefficient between any two series of numbers x ϭ {x 1 ,x 2 ,…,x n } and y ϭ {y 1 ,y 2 ,…,y n } is defined as
in which X and Y are the average of these two series of numbers; is the standard deviation of these two series of numbers:
The Pearson correlation coefficient is always between Ϫ1 and 1, with 1 meaning that two series are positively correlated, 0 meaning that they are completely uncorrelated, and Ϫ1 meaning they are perfectly negatively correlated.
Binding Site of Bovine Rhodopsin Based on Crystal Structure
To define the binding site of bovine rhodopsin, we used the crystal structure 1GZM. 28 Residues within 4 Å distance of the endogenous ligand retinal were considered to be part of the ligand-binding site. Calculation was performed with Deepview. 31 
Binding Sites of Aminergic Receptors Based on Experimental Data
Information about the binding site of aminergic receptors was derived from Shi and Javitch. 32 Positions were considered to be part of the ligand-binding site when they were located in the TM region and implicated in ligand binding in aminergic receptors based on experiments that address affinity labeling, functional complementation of mutations with modifications of ligand, or changes in antagonist affinity.
Entropy-Variability Plots of Class A GPCRs
The graphical representation of our two-entropies analysis is similar to an entropy-variability plot. To evaluate the performance of a two-entropies plot in separating positions with different functions, the entropy-variability plots of class A GPCRs were reproduced according to the method of Oliveira et al. 11 and served as a control.
Receiver-Operator Characteristic (ROC) Graph
Receiver-operator characteristic (ROC) graphs provide a visual tool for examining prediction performance. 33, 34 An ROC graph is a plot with the false-positive rate on the x axis and the true-positive rate on the y axis. It is independent of class distribution or error costs. 34 We made two ROC graphs to visualize the quantitative comparison of our two-entropies analysis with previous bioinformatics methods in predicting the ligand-binding site.
RESULTS

Correlation Coefficient Between Measures
The two types of entropy, the RSA, and the residue's presence in the upper domain of the TM region were used as measures. The correlation coefficients between these measures were calculated and are summarized in Table I . Some measures were highly correlated, for instance, the two types of entropy. This was to be expected, because the positions conserved in all class A GPCRs will obviously be conserved in subfamilies too, and those that are divergent in proteins within a subfamily will be divergent in the entire class A GPCRs.
Separating Positions of the Upper and Lower Domain of the Transmembrane Region
Other correlations support what is known about the sequence-structure relationship in GPCRs, as reviewed in the Introduction. For example, the correlation coefficient between entropy of class A GPCRs and the presence of residues in the upper domain of the TM region is .401. This correlation coefficient means that the positions in the lower domain are significantly more conserved than those in the upper domain. For the positions in the upper domain (score of presence in the upper domain is 1), the entropy values of class A GPCRs are generally larger; for the positions in the lower domain (score of presence in the lower domain is 0), the entropy values of class A GPCRs are largely smaller. The positions in the upper domain involved in ligand binding appear to form a subfamilyspecific binding site. As for the positions in the lower domain, they are conserved to maintain a similar overall fold and to evoke a similar cascade of activation events.
In Figure 2 , we compared the performance of the twoentropies plot versus the entropy-variability plots in separating positions with respect to upper domain (red dots) and lower domain (blue triangles) in the TM region. Both methods illuminate the separation of the two domains.
Separating Positions With Different Relative Solvent Accessibility
The correlation between RSA and the sum of subfamilies' entropies of all class A GPCRs was more significant than the one between RSA and the entropy of class A GPCRs as a whole (Table I) . Apparently, the positions on the surface of the receptors are more divergent than those in the core [blue triangles in Fig. 3 Although we used the same entropy of class A GPCRs as a measure on the y axis, the sum of subfamilies' entropies (x axis) performed better than variability in not only providing a more distinct separation of positions with high variability but also in grouping positions with a similar level of burial in the receptor.
Separating Positions in the Ligand-Binding Site From Other Positions in the Transmembrane Region
We collected information about the ligand-binding site from both structural and biological data, and evaluated the performance of the two-entropies plot in separating positions at the binding site from other positions in the TM region. The binding site of bovine rhodopsin was taken from the crystal structure 1GZM, then mapped onto both the two-entropies plot and the entropy-variability plot, as shown in Figure 4 . The residues within 4 Å distance of retinal in the crystal structure 1GZM are as follows: E113 (3.28), A117 (3.32), T118 (3.33), G121 (3. matic cluster" before by Visiers et al. 35 According to the authors, once the ligand is recognized by subfamilyspecific residues and occupies the binding region, the aromatic cluster will be disturbed and respond through concerted conformational rearrangements of the aromatic side-chains to promote receptor activation toward the cytoplasmic side of the receptor. It is safe to conclude that this conserved "aromatic cluster" makes no contribution to the specificity of endogenous ligand binding, but that it is responsible for a general activation mechanism [arrow pointing to "common activation mechanism" in Fig. 4(a) ].
Thus, in the two-entropies plot [ Fig. 4(a) ], a cluster of positions shows up at the upper left corner, where the sum of subfamilies's entropies is small and entropy of class A GPCRs is large. These positions probably represent the ligand-binding site (arrow pointing to "subfamily-specific binding"). However, these positions that may determine subfamily-specific binding are mixed with other positions in the entropy-variability plot [ Fig. 4(b) ].
Positions within the TM region implicated in ligand binding in aminergic receptors based on affinity labeling, functional complementation of mutations with modifications of ligand, or changes in antagonist affinity 32 were mapped onto both the two-entropies plot and the entropyvariability plot. Although very often mutated residues that affect ligand binding are in the ligand-binding site, it is also possible that affinity changes are caused by indirect effects such as changing receptor folding or receptor surface expression level. 36 In this case, binding-site positions derived from the biological data would be distributed more widely in the two-entropies plot 
Clusters of Positions Identified by the TwoEntropies Plot
According to , positions in the TM region of class A GPCRs in our two-entropies plot tend to cluster according to their functions. After manually mapping positions onto the crystal structure of bovine rhodopsin, we suggest dividing these positions into six clusters (Fig. 6) . However, these positions are clustered together in space, and they are not far away from the potential binding site. This finding may have potential in drug research, in that synthetic ligands may be modified to contact those positions to achieve better receptor subtype selectivity. The positions in cluster 4 are slightly less conserved than the 16 positions of cluster 1 with respect to being either within or among subfamilies. They are located primarily in the lower domain of the TM region and in the core of receptors, and are probably involved in helix-helix interaction to conserve the receptor's architecture and to provide a similar activation mechanism for class A GPCRs. Mutation of the positions in cluster 4 can cause receptor constitutive activity, for example, positions 3.43 and 6.37. [37] [38] [39] [40] [41] [42] [43] [44] The positions in cluster 5 mostly face the cell membrane. They are divergent both within subfamilies and among all class A GPCRs. However, they are less divergent than positions in cluster 1 with respect to the entire class A GPCRs. Presumably, amino acids with various properties will occur in the ligand binding site (cluster 1) of receptors to accommodate variation of ligands in shape, electrostatic and H-bond interactions, and aromatic stacking, for example, position 3.32 (charged KRHDE, 29.63%; aromatic FYW, 17.84%; hydrophobic AVLI, 27.09%; polar but uncharged STCMNQ, 10.04%, G, 4.99%, P, 1.80%). However, for positions facing the membrane, hydrophobic amino acids are more dominant, for instance, position 4.47 (charged KRHDE, 0.85%; aromatic FYW, 2.02%; hydrophobic AVLI, 70.49%; polar but uncharged STC-MNQ, 14.12%, G, 10.62%, P, 1.80%). The positions in cluster 6 are in the middle of clusters 1, 3, 4, and 5 such that the potential functions of these positions may be a mixture of functions of nearby clusters. For instance, 
DISCUSSION
We divided the functions of positions in the TM region of class A GPCRs into three categories: binding, folding/ activation, and "other." Previous studies have shown that strongly conserved positions such as C3.25, R3.50, and W6.48 (numbering scheme according to Ballesteros and Weinstein 26 ) are involved in receptor folding and activation. 3, 16, 35, [45] [46] [47] [48] Our approach puts more emphasis on discriminating between the binding sites of class A GPCRs and the other two categories. It aims to cluster residues according to their function based on two assumptions. The first is that residues are largely conserved in the binding site of homologous receptors in the same subfamily binding the same endogenous ligand. If so, most GPCRs should share identical residues at binding sites if they belong to the same subfamily and bind an identical endogenous ligand. This is also the unaccounted assumption in both evolutionary trace and correlated mutation analysis during the process of identifying binding sites of GPCRs. 14, 17 The second assumption is that endogenous binding sites are located in a region embedded between TM helices. This has been shown experimentally for a large number of receptors, including those for biogenic amines, 49 nucleotides, 50 melatonin, 51 and prostacyclin. In the entropy-variability plot, both entropy and variability are measures of conservation of each position of class A GPCRs. The variability at a position is defined as the number of different residue types observed at this position in at least 0.5% of all sequences. 11, 14 Thus, the entropy and the variability are strongly correlated, and positions in entropy-variability plots are crowded along the diagonal. For this reason, in our two-entropies plot, we only adopted one measure, entropy of all class A GPCRs, to separate overall conserved positions from divergent positions. The second measure, sum of subfamilies' entropies, was introduced to scatter positions with high entropy values of all class A GPCRs. In this way, our two-entropies plot achieves a better balance of robustness and sensitivity than the entropy-variability plot or the evolutionary trace method, which we discuss later.
Positions With Different Amino Acid Frequency Patterns Scattered in the Two-Entropies Plot
To compare the performance of our two-entropies plot with other sequence alignment-based methods in differentiating positions with different functions, we propose a sequence alignment for four hypothetical subfamilies of class A GPCRs. Each subfamily is suggested to bind a different endogenous ligand. The alignment was established within and also between subfamilies [ Fig. 7(a) ]. Please note that this hypothetical set of GPCR sequences was only used to illustrate the principle of our approach. As described in the Results section, our further analysis was based on the total set of 1935 GPCR sequences from 70 subfamilies.
The two entropies of each position in Figure 7 (a) were calculated according to the algorithm described in the Methods section and are shown in Table II . The overall configuration of positions in Figure 7 (b) is more pronounced than in Figures 2-6 . This is due to a relatively small number of subfamilies [four subfamilies, Fig. 7(a) ] and either perfect conservation or divergence in the sequence alignment [ Fig. 7(a) ]. For example, in a more realistic situation, position d indeed has a small sum of subfamilies' entropies, but not zero. Its entropy value of all subfamilies will be larger because many more subfamilies (70) are present in the alignment than in the four hypothetic ones.
Our two-entropies plot [ Fig. 7(b) ] illustrates the differences between positions a through e. For position a, amino acids are conserved within and between subfamilies. Both entropies are small, and this position a will appear in the lower left corner of the two-entropies plot. Functions of position a could be folding, such as C3.25, which forms a disulfide bridge with a conserved cysteine residue in extracellular loop 2, or activation, such as W6.48 and R3.50.
As for position b, amino acids are neither conserved between subfamilies nor conserved in the individual subfamilies. In addition, hydrophilic, hydrophobic, and aromatic residues show up in position b. In this case, both entropy measures will have large values. The function of position b may be other than ligand binding and folding/ activation.
Position c is quite similar to position b; amino acids are neither conserved between subfamilies nor conserved in each subfamily. However, only hydrophobic residues show up in position c. So both entropy measures have large Position e is also very important. Residues are conserved within each subfamily and are also shared by several subfamilies. As a result, the sum of subfamilies' entropies will be small but the entropy of class A GPCRs will be larger than position a and smaller than positions b, c, and d. Position e may participate in helix-helix interactions to conserve the three-dimensional (3D) aspects of GPCRs and to provide a common activation mechanism for class A GPCRs.
Positions f and g are discussed later, to compare the evolutionary trace method with our two-entropies analysis.
Two-Entropies Plot Versus Entropy-Variability Plot
Although entropy-variability plots have been used very successfully in the past, 11, 14, 16 the performance of our two-entropies plot in separating positions according to their functions appears improved (Figs. 2-5 ). Most importantly, as shown in Figures 4 and 5 , the entropyvariability plot does not differentiate very well between positions b and d. The explanation is as follows: When more than 20 subfamilies are present in one superfamily, 20 residue types are likely to be present in each position of the binding region to account for the diversity of endogenous ligands. This is the case for the large family of class A GPCRs; hence, the entropy value of position b will be as large as the one of position d, and the variability of both positions b and d will be close to 20.
Two-Entropies Plot Versus the Evolutionary Trace Method
The evolutionary trace method has been shown to be successful in predicting binding sites of soluble and membrane proteins. [53] [54] [55] [56] [57] [58] [59] Recently, this method was used to analyze class A GPCR sequences to identify globally conserved residues and opsin subfamily-specific residues. 17 In that study, only four subfamilies of class A GPCRs-visual opsin, bioamine, olfactory, and chemokine-were included to trace 39 "globally" conserved residues. Only the opsin subfamily was subjected to differential trace analysis, and finally 17 opsin "specific" conserved residues were identified. 17 However, the identified 39 "globally" conserved residues based on only four subfamilies are not conserved in all subfamilies of class A GPCRs. For example, position 3.33 was identified as one of the 39 "globally" conserved residues. But great variation in position 3.33 is observed among all class A GPCRs (Fig. 8) . Because it is hard to include dozens of subfamilies in the evolutionary trace method and to compare subfamily-specific conserved residues between every pair of subfamilies, we believe the evolutionary trace method does not make full use of the rich sequence information of a superfamily as large as class A GPCRs.
In addition, the evolutionary trace method does not easily recognize positions with small variation as globally conserved residues. For example, the method failed to identify position 2.50 as a globally conserved position, 17 which has D in 92% of class A GPCRs. Suppose that among 1000 proteins of class A GPCRs, only two amino acid types (e.g., D and K) are present in a certain position. Obviously, there is a great difference between a situation with 1D/999K versus 500D/500K. Unfortunately, the evolutionary trace method ignores such a difference and considers both of the above situations as a nonconserved position. However, both the entropy-variability plot and our twoentropies plot detect such a conservation, because they are designed to measure conservation on the basis of not only the number of amino acid types at a given position but also the frequency of each amino acid type at that position.
In principle, the evolutionary trace method differentiates between positions a, b, d, and e (Fig. 7) . However, it may make mistakes at position f, which is conserved in just one subfamily, and hence considers position f as being in the ligand-binding site. Position f may not be functionally important, because it is possible that such "conservation" is caused by a small population of proteins or a short evolution history since the subfamily member began to evolve. In our two-entropies plot, position f is not misjudged, because our approach takes not just one subfamily into account but the overall observation in all subfamilies.
The evolutionary trace method may also lead to erroneous results in subfamilies in which ligand binding sites are not completely conserved, such as position g [ Fig.7(a) ]. For instance, in adenosine receptors, position 7.42 was reported to be involved in agonist binding. 60 -64 However, position 7.42 is a serine in the human adenosine A 2A receptor but a threonine in the human adenosine A 1 receptor. Because of the high sensitivity to class-specific conservation, any slight variation at the binding site will impede the evolutionary trace method in identifying the binding site. In contrast, our two-entropies plot will still consider position g as belonging to the binding site, since the joint conservation within subfamilies and large divergence in all class A GPCRs strongly indicate that this position is involved in the ligand binding. For this reason, the evolutionary trace method probably failed to predict two positions, 3.32 and 3.37, as part of the binding site of bovine rhodopsin. However, these two positions are located at the upper left corner of the two-entropies plot, and they are indeed within 4 Å distance of retinal, the endogenous ligand of bovine rhodopsin.
Two-Entropies Plot Versus Sequence Pattern Discovery
Various sequence pattern discovery approaches have been applied to GPCRs. For example, using sequence pattern discovery techniques, Attwood created a database PROTEINS: Structure, Function, and Bioinformatics DOI 10.1002/prot of hierarchical GPCR sequence fingerprints, from superfamily through family to receptor subtype levels. 10, 12, 13, 15 The fingerprints identified at the family level show a certain correlation to the endogenous ligand binding. Compared to the sequence pattern discovery approaches, our approach predicts the functional sites of GPCRs in a more precise way for two reasons. First of all, our method exploits the conservation among all subfamilies rather than per subfamily. Second, out method can handle very large numbers of sequences at the same time. In contrast, sequence pattern discovery algorithms investigate only one phylogenetic level of subfamily each time, without a cross-check between different subfamilies. This defect does harm, as we can see in the evolutionary trace method discussed above: Some positions in the identified sequence patterns may be conserved in a certain subfamily, but they may not be functionally important, because such conservation is caused by the small population of the subfamily or the short evolution history since the subfamily member began to evolve. Thus, such approaches never take full advantage of the huge superfamily with dozens of subfamilies, such as GPCRs.
Two-Entropies Plot Versus Correlated Mutation Analysis
The method of correlated mutation analysis (CMA) was proposed to detect intramolecular or intermolecular contacts or links between residues. It successfully predicted the approximate binding region of class A GPCRs. 11, 14 The principle of CMA in defining the binding region of class A GPCRs is that when one endogenous ligand changes to another, residues in the binding site will "mutate" at the same time to accommodate the change of ligand in shape, and in hydrophobic and electrostatic properties. CMA easily discriminates position a and position e in the pseudoalignment shown in Figure 7 (a). As shown in Figure 9 (a) , CMA is consistent with our two-entropies plot: Most binding sites of class A GPCRs predicted by CMA are clustered at the upper left corner of our twoentropies plot.
However, let us differentiate the residues close to the binding site into two layers. The first layer of residues surrounds the ligand, so that they are indeed at the binding site. The residues contacting the first layer of residues but not the ligand constitute the second layer of residues. When the first-layer residues "mutate" to accommodate a different ligand, the second-layer residues will also "mutate" at the same time to maintain compact contact and correct interaction with the first layer. The correlation between the first and the second layer may be so strong that it is hard to discriminate between the first layer and the second. For this reason, prediction of binding sites of class A GPCRs by CMA also includes positions facing the membrane, such as position 6.45 (Fig. 9) . In addition, CMA failed to predict positions 5.39, 2.64, and 4.60 as involved in ligand binding (Fig. 9) , mutation of which affected agonist binding affinity in aminergic receptors. 32 These three positions, however, are conserved within subfamilies and divergent between subfamilies, so that they are indeed part of the binding site of class A GPCRs according to the two-entropies plot. Finally, CMA will only detect a functional network where positions are either conserved or strongly correlated with other positions. For example, in Figure 9 (a), many positions in the lower left corner of the two-entropies plot are "invisible" to CMA, because the frequencies of the 20 amino acids in these positions show no correlation with other positions, although these positions are functionally important.
Two-Entropies Plot Versus "Mutual Information"
Mirny and coworkers used a "mutual information" approach to measure both conservation within subfamily and diversity between subfamilies. The authors used various statistical models to evaluate significance of mutual information and to identify so-called "specificity-determining" positions. [22] [23] [24] In our approach, we use two measures to evaluate the conservation of positions among proteins within the same subfamily and their diversity between different subfamilies. The combined two measures (entropies) result in a high resolution in identifying binding sites and other functional sites.
Although our method apparently provides a global overview of all functional positions, it is not known yet how well the two methods of two-entropies analysis and mutual information compare, since they have not been applied to the same data set. Thus, we are currently applying our method to the superfamily of protein kinases, which have already been analyzed by mutual information.
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Quantitative Comparison With Previous Bioinformatics Methods
Two ROC plots 34 were made to visualize the quantitative comparison of our two-entropies analysis with previous bioinformatics methods.
As mentioned above, the ligand-binding site (12 positions) of bovine rhodopsin was taken from the crystal structure 1GZM. We compared our two-entropy analysis and other bioinformatics methods using an ROC plot (Fig. 10) . The binding-site information of aminergic receptors based on experimental data was also included in this comparison. Apparently, our two-entropies analysis performs better than other bioinformatics methods. If the binding-site information of aminergic receptors based on experimental data was used to predict the binding site of rhodopsin, it performed slightly better (correctly predicted 10 out of 12 amino acids) than our two-entropies analysis (predicted 9 of 12 residues). However, the three positions (F5.47, F6.44, and W6.48) that our method missed are conserved among class A GPCRs and belong to the highly conserved aromatic cluster, which does not contribute to subfamily-specific ligand binding, but instead is part of the activation cascade. In other words, our method successfully predicted all subfamily-specific residues of bovine rhodopsin that determine endogenous ligand binding and was able to discriminate between ligand-binding residues and activation residues.
The positions involved in rhodopsin ligand binding are only a subset of the general ligand-binding positions in class A GPCRs as predicted by our two-entropies analysis. The ligand-binding residues that we have identified form a larger set of residues to accommodate the various sizes and shapes of the endogenous ligands of class A GPCRs. Thus, each endogenous ligand binds to a subset of these residues, and the binding site determined from the bovine rhodopsin crystal structure represents the residues that make up the retinal binding site. As a result, the binding site determined from the bovine rhodopsin crystal structure cannot well represent other class A GPCRs, as shown in the next ROC plot (Fig. 11) .
As mentioned above, the information about the binding site of aminergic receptors was derived from Shi and Javitch. 32 When the binding-site information of bovine rhodopsin based on its crystal structure was used to predict the binding site of aminergic receptors, it performed much worse than our two-entropies analysis and CMA. Apparently, rhodopsin and aminergic receptors use different subsets of the general binding site as their ligand-binding site. Fig. 8 . Plotting "globally" conserved positions and opsin subfamily "specific" conserved positions 17 identified by the evolutionary trace method onto our two-entropies plot. The x axis is the sum of subfamilies' entropies; the y axis is entropy of class A GPCRs. Red dots are "globally" conserved positions; green squares are opsin subfamily "specific" conserved positions; blue triangles are other positions. 
CONCLUSION
Based on the sequence alignment of class A GPCRs grouped into subfamilies, a two-entropies analysis is proposed to determine the potential functions of positions in the TM region of GPCRs. In our two-entropies plot approach, positions of class A GPCRs in the TM region were scattered and clustered according to their biological functions. The two-entropies analysis may also be applicable to other protein superfamilies. 
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